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TRAVELING WAVE OPTICAL MODULATORS 
Background of the Invention 

[0001] 

(1) Field of the Invention 

The present invention relates to traveling wave optical 
modulators. 
[0002] 

(Related Art Statement) 

NGK Insulators, Ltd. reported in JP-A 10-133,159 that a 
traveling wave optical modulator was successfully operated at 
not less than 10 GHz by providing a thinner portion in a substrate 
of the modulator under an optical waveguide and setting the 
thickness of this thinner portion to not more than 10 jam, while 
providing no buffer layer made of silicon oxide or the like. In 
this manner, the optical waveguide substrate advantageously 
comprises such thick and thinner portions, because optical 
modulation is possible at high speeds without the formation of 
the buffer layer, a DC drift originating from the buffer layer can 
be avoided, and a product (V7i*L) between a driving voltage Vn 
and the length L of an electrode can be reduced. 
[0003] 

However, NGK more specifically examined traveling 
wave optical modulators of this type, and then found that light 
absorption loss sometimes occurred in the optical waveguide. 
Particularly when the optical waveguides- of the Mach-Zehnder 
type is formed, it is necessary that the optical waveguide is 
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branched into two lines portions , and that - such that light s, which 
come out from the propagates through the branched optical 
waveguides- portionsa re and is coupled together into one stream 
of light again 7 ^ so that t he Accordingly, it is desirable that the 
absorption loss in each of the branched optical waveguide 
portions n-e-e^^4e-be is the same. Howe v er , If the absorbing loss of 
one branched optical waveguide portion actually differed differs 
from that of the other waveguide portion , which might the result 
could be a 4~n reduction in the extinction ratio. 
[0004] 

Summary of the Invention 

It is an object of the present invention to suppress the 
absorption loss of the light in the optical waveguide in the 
traveling wave optical modulator, which can effect optical 
modulation at a high speed, and reduce a DC drift and a product 
(VttL) between a driving voltage Vti and the length L of an 
electrode. 
[0005] 

The present inventors succeeded in suppressing the 
absorption loss in a traveling wave optical modulator, by 
constructing the modulator from (a) an optical waveguide 
substrate made of an electro-optic and ferrodielectric single 
crystal in the form of an X- or Y-orientation plate— and 
comprising a thicker portion having a larger thickness and a 
thinner portion having a smaller thickness; (b) first and second 
branched optical waveguide portions formed at least on the 
thinner portion of the optical waveguide substrate; (c) a set of 
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electrodes provided on at least the thinner portion of the 
substrate and adapted for applying voltage to the first and second 
optical waveguide portions to modulate a light propagating the 
optical waveguide portions; and (d) a buffer layer provided to 
cover a part of the optical waveguide portions at the thinner 
portion of the substrate, the electrodes crossing on the buffer 
layer. 

These and other objects, features and advantages of the 
invention will be well appreciated upon reading the following 
description of the invention when taken in conjunction with the 
attached drawings, with the understanding that some 
modifications, variations and changes of the invention could be 
easily made by the skilled person in the art to which the invention 
pertains. 
[0007] 

Brief Description of the Attached Drawings 

For a better understanding of the present invention, 
reference is made to the attached drawings, wherein: 

Fig. 1 is a plane view schematically showing one 
embodiment 1A of the traveling wave optical waveguide 
according to the present invention; 

Figs. 2(a) and 2(b) are sectional views of the 
embodiment in Fig. 1 taken along a Ila-IIa line and a Ilb-IIb, 
respectively; 

Fig. 3 is a plane view schematically showing another 
embodiment IB of the traveling wave optical waveguide 
according to the present invention; and 
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Fig. 4 is a sectional view of the embodiment in Fig. 4 
along with a IV-IV line. 
Detailed Description of the Invention 
[0008] 

In the present invention, the substrate is made of an 
electro-optic and ferrodielectric single crystal having a given 
shape, e.g., in the form of an X- or Y-orientation plate. So long 
as the crystal can be optically modulated, no limitation is posed. 
For example, lithium niobate, potassium lithium niobate, lithium 
tantalate, KTP, glass, silicon, GaAs and quartz may be recited. 
At least one single crystal selected from the group consisting of 
a single crystal of lithium niobate, a single crystal of lithium 
tantalate and a solid solution single crystal of lithium 
niobate-lithium tantalate is particularly preferred. 
[0009] 

The substrate has opposed main planes, and an optical 
waveguide 3 of a Mach-Zehnder type is formed on one of the 
opposed main planes. A recess is formed in the other main plane 
having an almost rectangular parallelepiped shape, opening in 
the other main plane. Thus, a thinner portion is defined, 
corresponding to the recess, while a thicker portion is provided 
around the thinner portion, for example. A set of electrodes are 
provided on at least the thinner portion of said one main plane of 
the substrate for applying voltage to the first and second optical 
waveguide portions of the optical waveguide to modulate a light 
propagating the optical waveguide portions. 
[0010] 
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A buffer layer is provided to cover a part of the optical 
waveguide portions at the thinner portion of the substrate, the 
electrodes crossing on the buffer layer. 

In the present invention, the following (1) to (4) are 
preferred. Any combination of (1) to (4) may be considered as 
preferable embodiments, so long as no contradiction occurs. 

(1) Pural buffer layers are provided at respectively plural 
portions which the electrodes cross. By so doing, the optical 
absorption loss in one optical waveguide portion can be 
similar approa c hed to that in the other waveguide portion . It is 

r 

preferable that a deviation between a total length of said the 
plural buffer layers in one optical waveguide portion as 
extending along the optical waveguide portion and that of said the 
plural buffer layers in the optical waveguide portion as extending 
along the optical waveguide portion is reduced to a low level, 
preferably not more than 0.2 mm, and more preferably the former 
length is substantially equal to the latter. 

(2) Each of frank khe plural buffer layers has such a band-like 
shape as extending along the optical waveguide portion. By 
adopting the buffer layers having such a shape, the DC drift 
resulting from the buffer layers can be minimized. 

(3) At least one end portion of the buffer layer or at least one 
buffer layer as viewed along the optical waveguide portions is 
provided with a taper portion of which thickness gradually 
changes as viewed along the optical waveguide. By so 
constructing, occurrence of a discontinuous point where a 
characteristic impedance sharply changes can be prevented. 
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Further, since no rapid mode (opto-electro field) change 




occurs, reflection of light under the buffer layer can be 
prevented. 

(4) The traveling wave optical modulator is adapted to pass a TE 

mode light through the optical waveguide portions. 

[0011] 

The thickness of the thicker portion is preferably not 
less than 300 jam from the point of view of affording strength 
upon the optical waveguide substrate. 
[0012] 

The thickness of the thinner portion is preferably not 
more than 20 jam, more preferably not more than 10 p,m, from the 
standpoint of view of conspicuously reducing the effective 
refractive index of the microwaves. Further, this thickness is 
preferably not less than 5 jam from the standpoint of view of 
preventing cracking on working in the thinner portion. 
[0013] 

The thickness of the buffer layer is preferably not less 
than 0.3 jam from the standpoint of view of suppressing the 
absorption loss of the light propagating the optical waveguide. 
On the other hand, the thickness of the buffer layer is preferably 
not more than 1.5 jam from the standpoint of view of suppressing 
the DC drift. 
[0014] 

The electrodes are not limited to any material, so long 
as it has a low resistance and an excellent characteristic 
impedance. The electrodes may be made of gold, silver or copper, 
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etc. 
[0015] 

As the buffer layer, a known material such as silicon 
oxide, magnesium fluoride, silicon nitride or alumina may be 
used. The buffer layer may be formed by a known method such as 
a lithography method. 
[0016] 

The present invention will be explained in more detail 
with reference to Figs. l,2(a) and 2(b). Fig. 1 is a plan view 
schematically showing one embodiment 1 A of the traveling wave 
optical waveguide modulator according to the present invention, 
and Figs. 2(a) and 2(b) are sectional views of the embodiment in 
Fig. 1 taken along a Ila-IIa line and a Ilb-IIb, respectively. 
[0017] 

A substrate 2 is made of arfvd — a ferrodielectric and 
electrooptic single crystal as mentioned above, in the form of an 
X- or Y-orientation. The substrate has opposed main planes 2a 
and 2b. For example, an optical waveguide 3 of a Mach-Zehnder 
type having a given shape is formed on one main plane 2a. In the 
present embodiment, the optical waveguide 3 comprises an inlet 
portion 3a, branched portions 3b, 3c and a coupled portion 3d. 
Reference numerals 2c and 2d denote light inlet and outlet end 
faces of the substrate 2, respectively. 
[0018] 

In a central portion of the substrate 2 is formed a 
recess 4 having an almost rectangular-parallelepiped shape and 
opened at the other main plane, which defines a thinner portion 

VERSION WITH MARKINGS TO SHOW CHANGES MADE 

Appendix B 



8 

Appl'nNo.: 09/738,174 

12 above the recess 4. A thicker portion 1 0 is provided such that 
it surrounds the recess and the thinner portion 1 2 from four sides. 
Electrodes 6, 7 and 8 are formed on the main plane 2a of the 
substrate 2. The electrodes 6 and 8 function as ground electrodes, 
and the electrode 97 functions as a signal electrode. When 
discussed based on Fig. 1, the main portion of the electrode 6 is 
provided above and substantially in parallel to the upper 
branched optical waveguide portion 3b, and opposite end 
portions of the electrode 6 extend down to a lower side of the 
substrate so that they may be electrically connected to a high 
frequency signal circuit (not shown). The main portion of the 
electrode 7 is provided between and substantially in parallel with 
the upper and lower branched optical waveguide portions 3b and 
3c, and opposite end portions of the electrode 7 extend down to 
the lower side of the substrate within the opposite end portions of 
the electrode 6, so that they may be electrically connected to the 
high frequency signal circuit. The electrode 8 extends 
downwardly from beneath the branched optical waveguide 3c to 
the lower side of the substrate within the opposite end portions of 
the electrode 8, so that it may be electrically connected to the 
high frequency signal circuit. The electrode 8 has almost 
inverted trapezoidal shape having an upper side substantially in 
parallel with the branched optical waveguide 3c. 

In the present embodiment, an X plate or a Y plate made 
of lithium niobate is used as a substrate 2, for example. 
Therefore, a TE-mode light is transmitted in the optical 
waveguide. The branched portions 3b, 3c are provided in gap 
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regions between the electrodes 6, 7 and 8, respectively. 
[0019] 

In this embodiment, the optical waveguide 3 intersects 
with the electrodes 6 and 7 at six crossing portions 9A, 9B, 9C, 
9D, 9E and 9F as viewed in plane. Each crossing portion exists 
on the thinner portion 12. 
[0020] 

Slender or band-shaped buffer layers 5A and 5B are 
formed on the branched optical waveguide 3b such that each of 
the buffer layers covers a part of the branched optical waveguide 
3b. The buffer layers 5A and 5B are spaced from each other. The 
buffer layer 5A is interposed between the electrode 6 and the 
branched optical waveguide 3b at the crossing portion 9A. The 
buffer layer 5B is interposed between the electrode 6 and the 
branched optical waveguide 3b at the crossing portion 9B. 
[0021] 

Band-shaped buffer layers 5C and 5D are formed on the 
branched optical waveguide 3c such that each of the buffer layers 
covers a part of the branched optical waveguide 3c. The buffer 
layers 5C and 5D are spaced from each other. The buffer layer 5C 
is interposed between the electrode 6 and the branched optical 
waveguide 3c at the crossing portions 9C and between the 
electrode 7 and the branched optical waveguide 3c at the crossing 
portion 9E. 
[0022] 

The buffer layer 5D is interposed between the electrode 
6 and the branched optical waveguide 3c at the crossing portions 
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9D and between the electrode 7 and the branched optical 

waveguide 3c at the crossing portion 9F. 

[0023] 

In this way, only a part of the optical waveguide is 
covered with the buffer layers, and the electrodes are passed on 
the buffer layers. Consequently, the absorption loss of the light 
propagating through the optical waveguide is successfully 
suppressed. In addition, it is confirmed that this does not 
adversely affect the high-speed modulating characteristic, or 
cause the DC drift resulting from the buffer layers. 
[0024] 

In a preferred embodiment, a plurality of the buffer 
layers are provided at the thinner portion, and each electrode 
passes on each of the buffer layers as shown in Fig. 1. 
[0025] 

Further, plural rows of the optical waveguides are 
formed on the thinner portion, and each optical waveguide is 
partially covered with the buffer layer. By this construction, the 
amount of the light absorption loss can be substantially 
matched a-p-pre-ache-d among the optical waveguides. 
[0026] 

In this case, it is particularly preferable that differences 
among the covering lengths over which the buffer layers cover 
each of the optical waveguides are not more than 0.2 mm, more 
preferably almost equal to one another. For example, in the 
embodiment of Fig. 1, the covering length (LA + LB) over which 
the branched optical waveguide 3b is covered with the buffer 
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layers 5A and 5B is set equal to that (LC + LD) over which the 
branched optical waveguide 3c is covered with the buffer layers 
5C and 5D. By this construction, the light absorption losses in 
the optical waveguides can be made equal to each other or one 
another, thereby improving the extinction ratio. 
[0027] 

Preferably, the buffer layer has a band shape, and the 
electrode extends crossing the band-shaped buffer layer. By 
adopting the thus configurated buffer layer, the DC drift 
resulting from the buffer layer can be minimized. 
[0028] 

In a particularly preferred embodiment of the 
present invention, the buffer layer is provided with a tapered 
zone at one end or both ends thereof, which gradually reduces its 
thickness when viewed in a longitudinal direction of the optical 
waveguide. By this construction, occurrence of a discontinuous 
point where the characteristic impedance rapidly changes can be 
prevented. Further, since the light does not undergo rapid mode 
change (optoelectric field- ifc S5f) during passage immediately 
under the buffer layer, the reflection of the light under the buffer 
layer can be prevented. 
[0029] 

Fig. 3 is a plane view showing a traveling wave optical 
modulator IB having the above configuration, and Fig. 4 is a 
sectional view of the embodiment of Fig. 3 along a IV-IV line. In 
Figs. 3 and 4, the same or similar constituent parts are denoted by 
the same reference numerals in Figs. 1 and 2, and explanation on 
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them will be omitted. 
[0030] 

In the traveling wave optical modulator IB according to 
this embodiment, a taper portion 13 is provided at each of both 
ends of each of the buffer layers 5E, 5F, 5G, 5H. The thickness 
of each buffer layer in the tapered portion gradually changes, i.e., 
decreases toward the end. 
[0031] 

In the following, the present invention will be explained 
in more detail with reference to specific examples. 
(Examples) 
(Experiment A) 

Production of a traveling wave optical modulator in Invention 
Example 1 

A traveling wave optical modulator 1 A as shown in Figs. 
1, 2(a) and 2(b) was produced. More specifically, a wafer was 
prepared from a X-cut single crystal of LiNb0 3s and its main 
planes were ground to a wafer thickness of 300 (j.m. A 
Mach-Zehnder type optical waveguide 3 was formed on one of 
the main planes, 2A, according to a titanium diffusion process 
and a photolithography. Next, buffer layers 5A to 5D were 
formed of silicon oxide as shown by using the photolithography 
method. Then, electrodes 6, 7 and 8 were formed of gold on the 
wafers, crossing the buffer layers as shown, respectively. The 
thus produced wafer was cut into traveling wave optical 
modulators with a dicing saw machine, and end faces of each 
optical waveguide 3 were optically polished. 
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[0032] 

Next, each of the main planes were coated with a 
photoresist film, and the optical modulator was set at an excimer 
laser machine in which a location of the optical modulator to be 
worked was aligned with reference to an orientation flat plane of 
the substrate. The other main plane 2b was worked through 
exposure to a light from a KrF excimer laser according to a spot 
scanning method. The optical system was adjusted so that the 
size of the irradiated spot was 1.0 mm in a scanning direction and 
0.2 mm in width and an irradiating energy density of 6.0 J/cm 2 . A 
recess 4 was formed by working the substrate at a back side of the 
electrode with a laser at a pulse width of 15 nsec, a pulse 
frequency of 600 Hz and a scanning speed of 0.1 mm/sec. 
[00331 

The thickness of the thicker portion of the optical 
waveguide substrate 2 was 300 jam, and that of the thinner 
portion 10 jam. The gap between the adjacent electrodes 6 5 7 and 
8 was 26 \x. The width of the titanium pattern was 6 |nm in 
forming the optical waveguide 3. Each buffer layer had the 
thickness of 0.4 (am, a width of 100 \im and a length of 0.2 mm. 
Those portions 9A to 9D of the electrode 6 crossing the buffer 
layers were each 50 \im, and those portions 9E and 9F of the 
electrode 7 crossing the buffer layers were each 50 |j,m. The 
thickness of each of the electrodes was 30 jam. Lengths LA, LB, 
LC and LD as shown were all 0.2 mm. Therefore, (LA + LB) was 
equal to (LC + LD). 
[0034] 
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(Production of a traveling optical waveguide modulator as a 
comparative example) 

A traveling optical waveguide modulator was produced 
in the same manner as in Invention Example 1, provided that no 
buffer layers 5A to 5D were provided. 
[0035] 

(Measurement of the optical insertion loss) 

Twenty eight traveling wave optical modulators were 
prepared in each of Invention Example 1 and Comparative 
Example. Single core fiber arrays each having a single mode 
optical fiber for 1.5 \im wavelength use were prepared, and 
coupled with respective modulators, and bonded thereto with an 
ultraviolet light-curable resin in the state that the optical fiber 
was aligned with the optical waveguide. With respect to the 
modulators in Invention Example and Comparative Example, the 
insertion loss was measured, and results are shown in Table 1. 

[0036] 

Table 1 





Optical insertion loss (n=28) 


Average value 


Difference 
between upper 
and lower values 


Invention Example 1 


3.9 dB 


0.4 dB 


Comparative 
Example 


9.7 dB 


0.8 dB 



[0037] 

(Experiment B) 
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» I. • c 

Experiment B was conducted as in Invention Example 1, 
provided that LA and LB were 0.15 mm and 0.25 mm, 
respectively, while LC and LD were both 0.25 mm. Therefore, 
(LA + LB) = 0.4 mm, and (LC + LD) = 0.5 mm. This was taken 
as Invention Example 2. 
[0038] 

With respect to each of Comparative Example and 
Invention Example 1 in Experiment B and the above Invention 
Example 2, sixteen traveling optical waveguide modulators were 
produced. Then, as in Experiment A, optical fibers were coupled 
with the respective modulators, and then an on-off extinction 
ratio was measured. Results are shown in Table 2. 
[0039]: 
Table 2 



On-off extinction ratio ( n= 16) 




Average value 


Difference 
between upper 
and lower values 


Invention Example 1 


24.6 dB 


3.2 dB 


Invention Example 2 


23.4 dB 


2.8 dB 


Comparative 
Example 


12.3 dB 


2.8 dB 



[0040] 

As mentioned above according to the present invention, 
the light absorption loss can be suppressed in the traveling wave 
optical modulator having the thinner portion and the thicker 
portion, which modulator can perform optical modulator at a high 
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speed. 
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